Abstract OBJECTIVES: Thoracic endovascular aortic repair (TEVAR) is used for treatment of thoracic aortic pathologies, but the covered stent graft can induce spinal ischaemia depending on the length used. The left subclavian artery contributes to spinal cord collateralization and is frequently occluded by the stent graft. Our objective was to investigate the impact of covered stent graft length on the risk of spinal ischaemia in the setting of left subclavian artery sacrifice.
INTRODUCTION
Spinal ischaemia remains one of the most devastating and disabling complications after thoracic open or endovascular aortic procedures. In the setting of thoracic endovascular aortic repair (TEVAR) for acute and chronic thoracic and thoraco-abdominal aortic pathologies, Zones 3 and 4 distal to the left subclavian artery can often not function as safe proximal landing zones for the stent graft. In such cases, a Zone 2 TEVAR often becomes necessary, meaning that the left subclavian artery is over-stented and thus occluded by the covered stent graft. Over-stenting of the left subclavian artery during Zone 2 or Zone 1 TEVAR raises concerns about the increased risk of spinal ischaemia, as the left subclavian artery is one of the 4 major contributors to the spinal collateral network besides the internal iliac, aortic segmental and hypogastric arterial beds.
The neuroprotective measures currently taken in the operating room by most surgeons entail the recording of motor and somatosensory evoked potentials as well as haemodynamic manipulation and cerebrospinal fluid (CSF) drainage [1, 2] . Predicting a given patient's individual risk of spinal ischaemia on the basis of details of the aortic pathology, details of the operative procedure or individual collateral vascular anatomy is, however, currently hardly possible. The results of clinical studies [3] imply that the risk of spinal ischaemia after aortic repair is dictated to a large extent by the distal extent of the aortic repair, meaning, e.g. that a patient with over-stenting from T2 to T13 having a higher risk of paraplegia than a patient who is stent grafted from T2 to T5. Over-stenting of the left subclavian artery is often necessary in TEVAR and theoretically puts the spinal cord at even higher risk.
In the setting of over-stenting of the left subclavian artery, it is unknown whether there are a certain critical number of aortic segmental arteries that can be occluded in addition to the left subclavian artery without creating paraplegia. In this study, we sought to study spinal cord blood flow (SCBF), spinal cord perfusion pressure (SCPP), cerebrospinal fluid pressure (CSFP) and neurological outcomes in a large animal model of left subclavian artery and thoracic segmental artery occlusion with varying extents of thoracic aortic segments to be treated. Our underlying hypothesis was that there is no absolute critical length of the treated thoracic aortic segment/occluded segmental vessels in the setting of left subclavian artery sacrifice with increasing risk of spinal ischaemia.
We sought to answer the following questions: If a covered thoracic aortic stent graft is put in place and the left subclavian artery is occluded (over-stented), can the risk of spinal ischaemia be predicted from the distal extent of the aortic repair alone? Secondly, is there a critical stent graft length in this setting that invariably leads to critical spinal cord hypoperfusion and neurological deficits?
Study design and study groups
All study group animals (n = 20) underwent open ligation of the left subclavian artery followed by serial step-by-step occlusion of thoracic segmental arteries in normothermia according to the treatment groups. Six animals were assigned to a sham group that underwent left lateral thoracotomy and complete monitoring throughout the study period but no simulated thoracic aortic procedure. Group sizes were calculated before beginning the experiments using the SigmaStat 11.0 statistical software package (Systat Software Inc., Erkrath, Germany). During the intervention and up to 3 h of postinterventional surveillance, all animals had standard blood gas analyses done as well as standard arterial and central venous haemodynamic monitoring. Study groups were TEVAR to T8 (n = 4), TEVAR to T9 (n = 4), TEVAR to T10 (n = 4), TEVAR to T11 (n = 7) and TEVAR to T12 (n = 1). As thoracic TEVAR procedures rarely go below T12 in the clinical setting, only 1 animal was treated to T12. End points were SCPP, regional parenchymal SCBF, CSFP and functional neurological outcomes. Figure 1 illustrates our schematic experimental set-up.
Animals and animal care
Male juvenile pigs (n = 26, mean body weight 36 ± 4 kg, German country race) were used in these experiments. They all spent 1 week at the local animal housing facilities to become acclimatized to human contact. The animals were taken to the experimental facilities (Central Clinical Research, University Medical Center Freiburg, Freiburg, Germany) a day before the scheduled operation and were put nothing per os (n.p.o) 12 h before the procedures. Institutional review board approval was obtained before commencing the experiments, and all animals received humane care in compliance with both the Guide for the Care and Use of Laboratory Animals and the guidelines established by the local German government (Protocol number G 14/39). The study protocol included specific criteria leading to the animal's immediate sacrifice in case of profound suffering.
Anaesthesiological management
Anaesthesia was induced using 20 mg/kg body weight (BW) ketamine and 0.5 mg/kg BW midazolam via peripheral intravenous access. Preoxygenization lasted for 5 min. Propofol (2-4 mg/kg BW intravenously) was usually needed to maintain anaesthesia. An experienced veterinarian carried out each orotracheal intubation. Adequate ventilation and oxygenation were maintained by ventilation with a positive end-expiratory pressure of 5 cmH 2 O, a respiratory frequency of 12-14 min -1 and a tidal volume of 8 ml/kg BW. Anaesthesia in the operating room was maintained using 1.5-2% of isoflurane in oxygen/room air (fraction of inspired oxygen = 0.6). Analgesia was achieved using fentanyl (5-10 mg/kg/h) and vecuronium administered routinely (0.2-0.4 mg/kg/h). Continuous intravenous volume substitution was done during the simulated aortic replacement procedures using about 10 ml/kg/h BW of Ringer's solution. Thiopental (20 mg/kg BW intravenously), potassium (5 mmol/kg BW intravenously) and subsequent exsanguination were applied to euthanize the animals after neurological evaluation.
Cerebrospinal fluid catheter and drainage
After bilateral laminotomy at the T13-L1 level, the removal of 2 dorsal processes and visualizing the dura, a CSF catheter was placed using the Seldinger's technique. The CSF pressure was monitored and continuously documented in all animals.
Spinal cord perfusion pressure catheter and haemodynamic monitoring
After left lateral thoracotomy, the parietal pleura was opened, and the descending thoracic aorta was completely visualized. The left subclavian artery and all thoracic segmental arteries were dissected free. We then placed the catheter directly into the main stem of a mid-thoracic segmental artery. The tip of the monitoring catheter was positioned beyond the intercostal branch artery of the respective segmental vessel, thus reflecting the perfusion pressure of the paraspinal arterial beds and the intraspinal branches. SCPP was monitored and documented continuously in all animals. Catheters were placed in the superior vena cava and right common carotid artery to monitor the haemodynamics.
Catheter placement for microsphere injections and microsphere analysis
A catheter for peripheral microsphere control blood samples was placed in the mid-descending thoracic aorta before commencing segmental artery ligation. In addition, a catheter for microsphere injection was positioned in the left atrial appendage.
Vials containing 10 ml solution with 1 million fluorescent microspheres per millilitre (Molecular Probes, Eugene, OR, USA; average diameter 15 lm) were vortexed for 20 s. The solution was then sonicated in an ultrasonic water bath for 5 min; 2.5 ml (2.5 million microspheres) of the solution was diluted with 7.5 ml sodium chloride. The injection lasted for 1 min, followed by a flush of 5 ml saline. The peripheral blood sample controlling began 15 s before the microsphere injection and continued for 180 s for a total of 195 s at a withdrawal rate of 4.55 ml/min (Withdrawal Pump, Harvard Apparatus). The spinal cord tissue was digested, and the microspheres were extracted via sedimentation technique using 2.3 M sodium hydroxide in ethanol. Fluorescence intensity was then determined using a spectrometer (LS55, Perkin Elmer).
Microsphere injections using 3 different colours were given: (i) immediately before the left subclavian artery occlusion (baseline), (ii) after occluding the last thoracic segmental vessel (0 h) and (iii) after 3 h of surveillance (3 h).
Spinal cord blood flow (ml/min/g) was calculated using the following formula:
where f sc is the fluorescence intensity of spinal cord sample, f ref is the fluorescence intensity of reference sample, R is the withdrawal rate of the pump and g is the tissue weight in grams.
Simulated thoracic aortic procedure (left subclavian and serial segmental artery occlusion)
The animals were prepped and draped lying on the right side, and a left posterolateral thoracotomy was performed. The parietal pleura was incised, and the left subclavian and all thoracic segmental arteries were dissected free. At normothermia, serial clipping was performed starting with the left subclavian artery, proceeding down to the respective segmental level, according to the treatment group. Haemodynamics was monitored continuously. After the last thoracic segmental artery had been clipped, the animals were observed for 3 h.
Autopsy, tissue harvesting and visualization of anterior radiculomedullary arteries
Immediately after the animal's sacrifice, we applied full-body cast resin perfusion with blue pigment to visualize anterior radiculomedullary arteries (ARMAs) during autopsy and to harvest tissues on the day after the procedure. The animal was first perfused with normal saline and heparin and exsanguinated, followed by manual perfusion with low-viscosity cast resin via a catheter in the descending thoracic aorta after the ligation of all major aortic branches.
Statistics
Between-group differences were compared via paired and unpaired t-tests and analysis of variance (SigmaStat, Sigmaplot 12.0, Erkrath, Germany). For direct comparison of 2-group mean values, t-test was used. For comparison of the mean values of more than 2 groups, analysis of variance was used.
RESULTS
Haemodynamic variables throughout the procedures and during the observation time are illustrated in Table 1 . The metabolic variables and blood gas analysis results are illustrated in Table 2 . Figure 2 shows the mean arterial pressures and central venous pressures over the experiment's time course including 95% confidence bands. None of the animals suffered complete flaccid paraplegia, and statistical analyses on neurological end points were not performed.
Central venous pressure remained stable throughout the procedures, as did the mean arterial pressure. The drop by the time the segmental artery T12 was closed is attributable to an outlier, namely the only 1 animal that actually had T12 ligated.
SCPP and CSFP time courses of the study groups during the experiment and until 3 h postoperatively are shown in Fig. 3 . There was an expected drop in SCPP over time together with the increasing number of ligated segmental arteries. CSFPs, however, remained stable and unchanged over time.
CSFPs over time and stratified according to the extent of simulated TEVAR repair are provided in Fig. 4 . CSFPs revealed comparable courses in all groups, with non-significant changes during the procedures and during surveillance. A mild increase Baseline LSA  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  1 was detectable in Group TEVAR to T11, from 5.5 to 7 mmHg (n.s.). There were fluctuations of CSFP between the closure of T3 and T6 in all groups, with no statistical significance. Figure 5 shows SCPP measurements stratified by group according to the simulated stent graft length. SCPP dropped in all groups as segmental artery ligation progressed: from 68 to 43 mmHg in Group TEVAR to T8, from 80.6 mmHg to 44 mmHg in Group TEVAR to T9, from 75.1 mmHg to 53.2 mmHg in Group TEVAR to T10 and from 80.4 mmHg to 50.9 mmHg in Group TEVAR to T11. The extent of the SCPP drop did not correlate with the length of the treated aortic segment (all P = n.s.).
Regarding SCBF measurements, we observed no difference in the SCBF courses over time in the different groups. When investigating the distance between the first distal ARMA and simulated stent graft end, however, we observed regional SCBF inhomogeneity in animals with 2 or 3 'empty' segments (meaning segments with no ARMA present), but none in the animals with just 1 or no empty segments (Fig. 6 ).
DISCUSSION
The neuroprotective measures currently taken in the operating room by most of the surgeons entail the recording of motor and somatosensory evoked potentials as well as haemodynamic manipulation and CSF drainage [1, 2] . Predicting a given patient's individual risk of spinal ischaemia on the basis of details of the aortic pathology, details of the operative procedure or individual collateral vascular anatomy is, however, currently not possible. The results of several clinical studies imply that the risk of spinal ischaemia after aortic repair is dictated to a large extent by the distal extent of the aortic repair, meaning, e.g. that a patient with over-stenting from T2 to T13 having a higher risk of paraplegia than a patient who is stent grafted from T2 to T5. Over-stenting of the left subclavian artery is often necessary in TEVAR and theoretically puts the spinal cord at even higher risk.
The gap of knowledge, which we tried to resolve, is: can the risk of spinal ischaemia be predicted from the distal extent of the aortic repair alone? Also is there a critical stent graft length in this setting, which invariably leads to critical spinal cord hypoperfusion and neurological deficits? The herein reported data imply that the answer to both questions is 'no': the distal extent of the aortic repair alone is insufficient to predict the risk of spinal ischaemia, and we need more anatomy-, operation-and patientrelated details for effective risk prediction in the future. Frozen elephant trunk (FET) procedures (a mode of TEVAR in addition to prosthetic aortic arch replacement) have become increasingly popular, and the danger of spinal cord injury remains [4] [5] [6] , although hypothermia and short stent grafts are currently used when doing FET with a just 10-cm distal stent graft component [7] . As FET, in particular, has become so much more common, the techniques are being refined [8, 9] , thus revealing the need for a model specific for this type of surgery [10, 11] . Haldenwang et al. [10] investigated spinal cord integrity after selective antegrade cerebral perfusion in a porcine FET model. We adopted the wellknown model from the Griepp's Mount Sinai group and added CSFP monitoring and drainage. Our tested hypothesis in the present study was that the absolute length of TEVAR in addition to left subclavian artery sacrifice would not impact on the risk of spinal ischaemia in an experimental setting. Our results confirm this null hypothesis, as neither SCPP courses nor CSFPs or parenchymal SCBF revealed any association with absolute stent graft length. We conclude that the individual risk of spinal ischaemia did not primarily depend on the given length of the aortic segment being treated but more probably on the patient's number of anterior radiculomedullary arteries and their distribution pattern along the treated aortic segment.
Limitations
Our model has several inherent limitations. Our serial step-bystep occlusion of main stems of segmental arteries cannot precisely replicate the actual clinical scenario of covered stent graft placement. Our reasons, however, for choosing this model were its reproducibility and standard design [11] [12] [13] [14] , the reproducibility of complete occlusion of single-segmental arteries, as well as the opportunity to have access to blood gases and document haemodynamics and metabolic parameters in between the occlusion of 2 adjacent segmental arteries, which enhances the homogeneity of metabolic and haemodynamic variables between the occlusion of individual segmental arteries. The postoperative observation time was limited, and late-onset changes in collateral circulation might have been missed.
The length of the 'simulated' stent graft placement does not mirror the clinical situation involved in aortic arch replacement, e.g. using the FET technique, because the devices used for this operation usually consist of a vascular graft and a 10-or 15-mm stent graft component, such as the Thoraflex TM device. Thus, our model most closely mimics Zone 2 or Zone 1 TEVAR procedures (proximal end of stent graft on the level of left carotid or left subclavian artery) entailing landing zones in the aortic arch without supraaortic rerouting. We added the left subclavian artery occlusion to the model to weigh it towards spinal ischaemia and produce more clinical end points when compared with the serial segmental artery ligation alone. However, clinically apparent flaccid paraplegia was not observed in any of the animals, and a statistical analysis on neurological end points was not undertaken.
Moreover, the chronic degenerative calcific occlusion of individual segmental artery ostia common in thoraco-abdominal aortic pathologies can hardly be simulated in a porcine aortic model. After treating acute and chronic aortic dissections, e.g. with the FET aortic arch replacement (as our centre often does), the segmental arteries more distal to the stent graft end can be dynamically or statically occluded. A profoundly different spinal cord ischaemia mechanism can thus come into play in such a clinical setting.
The spinal collateral network [15, 16] should be divided in paraspinous and intraspinal compartments. In the paraspinous compartment, small, natively non-conducting arteriolar vessels are found that are likely to undergo arteriogenesis [17] mid-to long term after the ligation of main segmental arteries during aortic surgery [14] . In the intraspinal system, there is a repetitive pattern of circular or pentagon-shaped small conducting arteries that connect neighbouring segments longitudinally and side to side. The ARMAs connecting the dorsal segmental arteries with the anterior spinal artery are the most variable part of this collateral system. The number (from 3 to 15 in humans) and distribution along the length of the spine, as well as the side on which they exist, also vary widely among individuals [4] . This anatomy has been described in pigs and in humans, which is an important prerequisite for extrapolation of findings in animal models to the clinical situation [18] [19] [20] . It is not currently possible to accurately predict prior to surgery (based on the individual's ARMA numbers and their distribution) a patient's risk of spinal ischaemia during thoracic aortic surgery. As the imaging modalities for spinal arteries including ARMA progresses [5] , we should soon acquire a deeper understanding of the intraspinal immediate backup collateral system.
As the means of imaging the spinal vessels improve [21] [22] [23] , we should aim to comprehend the individual anatomy-based risk of spinal ischaemia in the clinical setting. 
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